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A Hybrid Wireless Power Transfer System With
Constant and Enhanced Current Output Against
Load Variation and Coupling Misalignment
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Abstract—Inductive power transfer and capacitive power trans-
fer (CPT) are two of the most commonly used near-field wireless
power transfer technologies, and these two systems share simi-
larities and symmetries. This article proposes a hybrid wireless
power transfer (HWPT) system to achieve load-independent char-
acteristic and anti-misalignment capability. The HWPT system
utilizes the compensation inductors of the CPT system to create an
additional inductive channel in which the capacitive and inductive
channels are compensated for each other. Based on the modeling
of the HWPT system, the load-independent and enhanced constant
current output is derived. In HWPT system, the inductive coupler
is employed with the capacitive coupler, which forms a compact
hybrid coupler. As the coupler becomes misaligned, the loss of
power transferred through the inductive channel can be compen-
sated by the increase of power transferred through the capacitive
channel. A 200 W experimental prototype is built to validate the
performance of the HWPT system. Experimental results show that
as the load resistance ranges from 20 to 40 2 and the coupling
misalignment ranges from 0 to 100 mm, the output current remains
nearly constant and the input current stays in phase with the input
voltage. According to the experimental findings, the output current
of the HWPT system is approximately twice as high as that of the
CPT system when using the same capacitive coupler.

Index Terms—Capacitive and inductive coupler, compensation
inductor, capacitive power transfer (CPT), hybrid wireless power
transfer (HWPT).

1. INTRODUCTION

IRELESS power transfer (WPT) technology utilizes the
W soft medium to deliver power through a relatively large
air gap. Over the last decade, inductive power transfer (IPT)
and capacitive power transfer (CPT) are the two most popular
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near-field WPT technologies [1], [2], and they are ready to be
applied in many fields, such as consumer electronics [3], [4],
underwater equipment [5], [6], and electric vehicle [7], [8], [9].

For both IPT and CPT systems, the power transmission ability
is dependent on the coupling coefficient. However, the coupling
coefficient is challenging to improve, because the size of the
coupler is limited by applications. In [10], a multilayer coil is
proposed for IPT systems to increase the mutual inductance.
However, this structure increases system volume and cost. In
[11], an interleaved capacitive coupler is proposed to obtain a
larger mutual capacitance. However, the structure is complex
and sensitive.

Actually, there are many similarities and dualities between
the IPT and CPT systems. The inductive (capacitive) coupler
and capacitive (inductive) components exist and compensate for
each other in the IPT (CPT) system [12], [13]. Thus, it is possible
and meaningful to combine them to form a hybrid wireless power
transfer (HWPT) system to improve transmission performance
[14], [15].

In some applications, a constant current (CC) output is re-
quired for WPT systems. For instance, maintaining battery
charge between 20% and 80% is beneficial for battery life, and
the charging process between these levels is always CC charging.
However, the system output can be largely affected by the load
resistance and coupling condition, where the load resistance
varies during the charging process and the coupling parameters
vary as the coupler misaligned. In practice, the HWPT system
with both load-independent characteristic and antimisalignment
ability is preferred [16], [17], [26].

Numerous approaches have been proposed to achieve a con-
stant output, which can be broadly classified into three cat-
egories: system control, compensation network, and coupler
design. For the system control, a common approach is applying
a de—dc converter to regulate the output power. However, this
method brings extra losses and makes the system complex.
In [18], a frequency regulation based on H, is proposed for
the IPT system to regulate the output power. However, the
frequency regulation may cause a system stability problem, i.e.,
frequency bifurcation. For the compensation network, a hybrid
IPT topology is also proposed for achieving a constant output
[20], but the system design is complex including multiple reac-
tive power components. A parameter design method for LC-LC
compensated CPT system is proposed to achieve a nearly
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Fig. 1. Main topology of the proposed HWPT system.

constant output against load variation and coupling misalign-
ment [19]. However, this system operates in the detuning state,
resulting in increased reactive power, power loss, and VA rating.
For the coupler design, a capacitive coupler array is proposed
to overcome coupling misalignment [3]. However, using matrix
plates as the transmitting end could increase electric-field radi-
ation and reduce system efficiency. In [21], a design method
for inductive coupler is proposed to improve the antioffset
ability. However, the inductive coupler is heavy and expensive.
In addition, an LC-LC compensated CPT-based HWPT system
for railway applications is proposed in [15]. However, the direct
connection of two outer plates of the capacitive coupler limits
the system’s application.

Nevertheless, how to combine IPT and CPT systems to
achieve the load-independent characteristic and antimisalign-
ment ability needs to be further studied. Driven by these moti-
vations, this article proposes an HWPT system with a constant
and enhanced current output. The main contributions of this
article are summarized as follows.

1) Based on the circuit model of the HWPT system, this
article reveals the working principle to achieve the load-
independent CC output and zero phase angle (ZPA) by
combing IPT and CPT systems.

2) The output is negatively correlated with the mutual ca-
pacitance, as well as positively correlated with the mu-
tual inductance so that the HWPT system can achieve
antimisalignment characteristic with the well-designed
coupler.

3) Both the capacitive coupled and inductive coupled chan-
nels are used to transfer power leading to enhanced power
transmission. Meanwhile, the inductive coupler is em-
ployed together with the capacitive coupler to form a
concise structure.

The rest of this article is organized as follows. Section II in-
troduces the system architecture of the proposed HWPT system.
Based on the mathematical model, the working principle of the
HWPT system is analyzed in Section III. The system design is
presented in Section IV, including coupler design. Experimental
prototype are carried out to validate the performance of the
HWPT system in Section V. Finally, Section VI concludes this
article.

II. SYSTEM ARCHITECTURE

A. Proposed HWTP System

In this article, the system architecture of the proposed HWPT
system is shown in Fig. 1. The main circuits is composed of
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the dc power supply, high-frequency full-bridge inverter formed
by S1 — Sy, double-sided LC compensation network, vertical
capacitive coupler, rectifier, and the load resistance Ry . Cex1 and
Cexo are placed on the primary and secondary sides to increase
the self-capacitances of the capacitive coupler. As shown in
Fig. 1, there is inductive coupling between the compensation
inductors, where M represents the mutual inductance.

B. Hybrid Coupler

In the proposed HWPT system, the hybrid coupler is consist
of a capacitive coupler and an inductive coupler. To make a
concise structure, the inductive coupler is positioned between the
capacitive coupler, as shown in Fig. 2. O-type coils are employed
as the inductive coupler, while vertical structure is selected as the
capacitive coupler. For the consistency of the X- and Y-axis, the
plates and coils are designed to be symmetric from the primary
to the secondary side. As depicted in Fig. 2(a), Py, P», and L,
are fixed as the transmitter, while P53, Py, and Lo are installed
on the application as the receiver. As shown in Fig. 2(b), the
length of P; and Pj is [y, the length of P, and Pj is o, the
inner diameter of coils is /5. The transmission distance between
coils is d, the distance between plates on the same side is d,
the separated distance between plat and coil on the same side
is do. The specific design of the hybrid coupler is presented in
Section IV.

III. WORKING PRINCIPLE
A. Modeling of Capacitive Coupler

For the capacitive coupler, there is one coupling capacitor
between each two coupling plates, resulting in a six-capacitor
model, as depicted in Fig. 3(a). It is a typical two-port net-
work, which can be equivalent to a current-source model, as
demonstrated in Fig. 3(b). In this model, considering the extra
capacitances Ce1 and Ceo, the self-capacitance and mutual
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Fig. 3. Equivalent circuit of the capacitive coupler. (a) Six-capacitances cir-
cuit. (b) Current source model. (c) Voltage source model.

capacitance can be given as

(C13 4+ Cra) (Ca3 + Caa)
C, = Cyx C
b L 12+(%13ig14+g23+g245
+ C24
O = Couy + Oy + 1C13 14 (1)
? ST O 4 Oy + Cas + Coy

C13C2 — C14C%3
Ci3+ Cra+ Coz + Coy

Cyv =

where, C;; represents the coupling capacitance between F; and
P;. Similar to the coils, the capacitive coupling coefficient is
defined as k., which can be expressed as

ke = Cun/A/CpCs. 2

For the HWPT system, due to the inductive channel between
the compensation inductors, a series compensation topology of
the capacitive coupler is more suitable for the circuit analysis.
Therefore, the current source model can be converted to the
voltage source model, as shown in Fig. 3(c). According to
the equivalent circuit, the equivalent capacitance and voltage
sources in Fig. 3(c) can be expressed as

2
C'peq = OPOSCS OM
C,Cy —C?
CVseq = pciM 3)
P
CpCs — Cﬁ/[
e = =00
Cum
Ve = - L
P w (CPOS - 0%4) ? 4)
Vo — M T
SI w (CpCs — CFy) v

13221

Indu. Model Capa. Model Indu. Model

Fig.4. Equivalent circuit of the proposed HWPT system under the fundamen-
tal component.

B. CC Output Against Load Variation

Due to good filtering function of compensation network, the
current in primary side is nearly sinusoidal containing only
fundamental component. Based on the fact that only the funda-
mental component of the voltage source on ac-side contributes to
power transfer, the fundamental harmonic approximation (FHA)
method is adopted in this article. Based on the voltage source
models of the capacitive and inductive couplers, the equivalent
circuit of the proposed HWPT system is shown in Fig. 4. It is a
typical SS compensation circuit, yet it contains four controlled
voltage sources. Two voltage sources jwM I, and jwM I, rep-
resent the inductive coupling. Two voltage sources V),,, and V,
represent the capacitive coupling. R, indicates the equivalent
resistance, R. = 8Ry,/ 2. Vi, indicates the fundamental com-
ponent of the inverter’s output voltage.

In the double-sided LC CPT system [17], the self-resonant
frequencies wy and wo are defined as the tuned frequency of the
primary and secondary sides. If the self-resonant frequencies are
designed to be the same, the following equation can be obtained:
{W%chp =wiL,Cs =1 )

W1 = Wy = Wy.

Actually, when the primary and secondary compensation net-
works are fully tuned at the switching frequency w in Fig. 4, the
system output is determined by the controlled sources. Combing
(3), the parameters satisfy

WQLpCpeq = w?Ly - CPCEC? =w’LyCyp ( kQ) =
WL Cleq = WLy - % = W?L,C, (1 - k2) =

(6)

Therefore, the frequency w. can be expressed by wy

Wee = wo// 1 — k2. @)

According to the KVL, the input and output of the HWPT
system can be expressed as

. Cu
Vin = —jwee M1, — — -1,

JWee o JWee (CCVPCS - 012\/[) (8)
Vo = jwee M Iy + M Iy = R.1,

jwee (C,Cs — C2,)
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TABLE I
SYSTEM PARAMETERS

Parameter Value Parameter Value
fo/MHz 1.0 Chr/pF 12.2
Lll(L21)//.LH 89.3 M/,LLH 2.5
Li2(Lo2)/pH 12.0 Cp(Cs)IpF  250.0
150
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Fig. 5. Frequency properties. (a) Transconductance gain of CPT system.

(b) Transconductance gain of IPT system. (c¢) Transconductance gain of HWPT
system. (d) Impedance angle of HWPT system.

According to (5)—(8), the input current and output current can
be calculated and simplified as
jw()\/ 0102\/ 1-— ]{7(2:
Io = - . ‘/;n
kc_ng\/0102 9
 WBCiCs (1—k2) Re ©)

in — (kc _ Mw(z) *01(72)2 * Vin-

It can be seen from (9) that the output current is load-
independent, which is determined by inherent parameters, i.e.,
C1, Cs, wo, ke, M, and Vi,. Compared with the CPT system,
the output current of the HWPT system is additionally affected
by the mutual inductance. As long as k. > M w% v/ C1Cs5, the
output current of the HWPT system is larger than that of the
CPT system. Therefore, the output current can be increased by
adjusting the mutual inductance.

C. Frequency Properties

Considering the full tuned state, the input impedance of the
proposed HWPT system can be expressed as
wgClCz(l - kE)Re
(kc — MW%\/ 0102)2 '
As given in (10), the impedance of proposed HWPT systems

is pure resistive, which implies that ZPA can be achieved at
different load resistances.

(10)

Zinfhwpt =
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With the parameters listed in Table I, Fig. 5(c) and (d) shows
the frequency properties of the HWPT system. With the same
coupling coefficient, Fig. 5(a) and (b) shows the transconduc-
tance gain of the CPT and IPT systems, respectively. It can be
seen that there is a CC frequency w,. in CPT, IPT, and HWPT
systems. It also shows that the output current of the HWPT
system is twice as big as that of other systems. As shown
in Fig. 5(d), when the HWPT system is operated at the CC
frequency, the impedance angle keeps 0° against load variation.

According to the abovementioned analysis, Fig. 6 shows the
typical waveform of the HWPT system. It can be seen that the
input current %, is in phase with the input voltage vi, as well
as ahead of the output current v, by 90°, which is consistent
with the LC-LC compensated CPT system. In addition, the
induced voltages jwMi;, and jwMi, are in phase or antiphase
to the output and input voltage, respectively. It indicates that the
additional inductive channel only changes the amplitude instead
of its phase. The induced voltage jw M7y, on the secondary side
is proportional to the load resistance according to (10), so that
the output current of the proposed HWPT system can still remain
load-independent.

Obviously, the proposed HWPT system in this article can be
seen as the series connection of an IPT system and a CPT system.
If there is no coupling between the compensation inductors, this
system is an isolated CPT system with LC—-LC compensation
network. If there is no capacitive coupling, this system is an IPT
system with SS topology.

D. CC Output Against Coupling Misalignment

In the HWPT system, the output current is negatively corre-
lated with k., while it is positively correlated with M . Typically,
both k. and M decrease with the increasing coupling misalign-
ment. It is possible to achieve a CC output against coupling
misalignment with a well-designed coupler.

For a loosely coupled capacitive coupler, the mutual ca-
pacitance is determined by the cross capacitance between the
primary and secondary plates, and the self-capacitance is mainly
determined by the coupling capacitance of plates on the same
side. Therefore, the mutual capacitance decreases with increas-
ing coupling misalignment, while the coupling misalignment
has little effect on the self-capacitance. Thus, the self-resonant
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frequency of the system can be considered to be constant. Since
the capacitive coefficient is always at a very small level, the CC
frequency wee (Wee = wo/+/1 — k2) of the HWTP system can
be approximately regarded as consistent.

According to (9), the output current under coupling misalign-
ment is set equal to the target value, the corresponding mutual
inductance M can be obtained

kc - kcfmis
wg vV C 1 CQ
where, k. mis and My,s represent the capacitive coefficient and

mutual inductance of the coupler with coupling misalignment,
respectively.

M — Myis = (1)

E. System Efficiency

In previous literatures [22], [23], the equivalent model with
parasitic resistances of the WPT system have be analyzed. The
parasitic resistance of inductor and capacitor can be expressed as
equivalent series resistance. Fig. 7 shows the equivalent circuit,
where the parasitic resistances are defined as Rr,p,, Rcopeqs L2cseqs
and Ryp. In this article, the he quality factors of L, and L, is
defined as (1., and the quality factors of Cpeq and Ciq is defined
as Q¢

wL 1
Qr=—-2=Qc=———. (12)
- Rip WCpeq Rcpeq
From Fig. 7, the system efficiency can be expressed as
- IR,
T RR,+ IZR. + 2R
1
= 3 13)
R, + R, + JethadXe)

2+Wp
g 1
(w]LI o )

where, I?,, is the sum of Ry, and Rcpeq. s is the sum of Ry
and Rceq. X indicates the imaginary part of the impedance on
the secondary side.

According to (14), it can be noted that the efficiency is maxi-
mized by taking 97n/0Re = 0, so that the maximum efficiency
Nmax and normalized load Ry, are expressed as

wM——1 )
Rbase = Rs \/1 + ( MR:;:AC‘])
2

Tlmax = 1- > .
1
(mpm)
7 41

RpRs

(14)
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In [24], the quality factors of inductors and capacitors at
different frequency are given. In this section, @), and Q¢ are
selected as 750 and 3000 according to [24], when the switching
frequency is about 1 MHz. With the parameters listed in Table I,
the system efficiency (ignoring losses of inverter and rectifier) is
shown in Fig. 8(a). It can be seen that when the load resistance
is 19.4 Q, the system efficiency reaches the maximum value
90.26%. Since Lig, Loa, Cs;, and C)y are determined by the
hybrid coupler, Fig. 8(b) shows the efficiency versus component
tolerance. It can be seen that L1, Cey1, and Ceyo have little effect
on the system efficiency within 5% error. By comparison, the
system efficiency decreases about 2.5% when the error of Lo
is +2%.

F. Harmonics Analysis

As previous analysis, the FHA method is adopted in this
article, which ignores the high-order harmonics. Actually, the
output voltage of the inverter is a typical square wave, so it is
necessary to analyze the influence of high-order harmonics on
the power transmission. The output voltage of the inverter can
be expanded according to Taylor series

4Vie (. 1 . 1.
u(t) = smwt—i—gsm?)wt—i-n-—&—fsmnwt—i—---
™ n

15)
where, n = 2k + 1, k represents positive integer.

According to the superposition theorem, the system per-
formance under different harmonicas can be determined indi-
vidually. If the network is excited by the nth harmonica, the
equivalent circuit can be also simplified as the voltage coerce
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models, as shown in Fig. 9. It should be point out that all induced
voltage sources is excited by the frequency nw and the equivalent
inductors and capacitors remain unchanged.

According to KVL, the input and output of the HWPT system
under nth harmonic can be expressed as

{V;n_nw = (XLp + XCpeq)Iin_nw - (XJVI + XMeq)Io_nw
ReIofnw = (X]\/[ + XMeq)Iinfnw - (XLs + XCseq)Iofnw

(16)
where, X represents the impedance.

According to Section III-B, the parameters on the primary
side and secondary are designed equal, and the primary and
secondary compensation networks are fully tuned at the switch-
ing frequency w. Therefore, the input current [;, ., and output
current I, ., can be expressed

Vin_nw (n?Re+jnwL, (n?-1))

Tin new =
n_nw jnwlyRe(n?—1)—w2L2(n2-1)+(5 lM 7n2wM)2

eq
P Vio o (gariger —In%w M) 3 (17
O T jnwLyRe(n2—1)—w?L2(n2—1)+(5o— —n2wM)

w CMeq

With the parameters listed in Table I, the normalized input
current and output current under different harmonics are shown
in Fig. 10(a). As shown, the normalized input current and output
current under high-order harmonics is close to zero, which is far
less than those under fundamental harmonics. Therefore, the
contribution of high-order harmonics to the power transmission
is very small. In addition, the total harmonic distortion (THD)
characterizes the circuit’s ability to suppress high-order harmon-
ics. The smaller the THD is, the stronger the suppression ability
is. With the parameters listed in Table I, the THD at different
inductance L, and load resistance Ry, is shown in Fig. 10(b).
It can be seen that the THD of the proposed HWPT system is
relatively low. The THD is positively correlated with the induc-
tances, while it is negatively correlated with the load resistances.
Therefore, the higher the quality factor of the compensation
network is, the better the harmonic suppression ability is.

In summary, the high-order harmonic have little effect on the
power transmission, which means the compensation network of
the proposed HWPT system shows good filtering characteristic.
Therefore, the FHA method can be adopted in this article to
analyze the working principle.

IV. SYSTEM DESIGN AND SIMULATION

A. Parameter Design

The whole design process is depicted as Fig. 11, where the
coupler design process is shown in the dashed box. In practice,
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Fig. 10. (a) Normalized input current and output current under different
harmonics. (b) THD versus load resistance at different inductances.

the load and output current/power are given according to the ap-
plication and requirement. Usually, the working frequency of the
inductive channel is several tens kHz, while that of the capacitive
channel is several hundred kHz to several MHz. Considering the
power transmission in both channels, the switching frequency is
chosen around 1 MHz.

Actually, the volume of the hybrid coupler is limited by the
application, so that the maximum size and transmission distance
can be determined. Through coupler design, the coupling param-
eters of the hybrid coupler can be obtained. Cex; and Cexo are
used to adjust the self-capacitances and capacitive coefficient for
achieving the desired output current. Detailed design method of
the hybrid coupler can be found in the next section.

According to (6), the total inductance L, and L, can be
determined. In the HWPT system, the compensation inductance
can be divided into two parts. The self-mutual is determined by
the coupler, so that the inductance L5 and Los can be calculated.
Usually, a large inductance would lead to excessive winding
losses and make the system bulky. The resonant inductance
should satisfy

Ldesign < Lmax

(18)

where, L.« depends on the dimensional requirement and ef-
ficiency requirement of the system. If the designed inductance
is larger than L.y, the design procedure reruns with adjusting
the extracapacitance, switching frequency, or input voltage.

B. Coupler Design

As described earlier, the coupling parameters of the hybrid
coupler are directly related to the system performance, so that
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TABLE I
DIMENSIONS AND MATERIALS OF THE HYBRID COUPLER
Channel Material Resistivity(€2.m) | Label | Size(mm)

I 400
Capacitive | Aluminum 2.83 %1078 lo 300

dy 5
I3 320

Inductive Copper 1.75% 1078 d 20

do 5

the well-design coupler is significant for the HWPT system.
According to Section III, the anti-misalignment ability depends
on the coupling parameters. Therefore, the hybrid couple is
designed to achieve the antimisalignment ability. According to
system architecture, it utilizes the compensation inductors of the
CPT system to create an additional inductive channel, and the
inductive channel is used to compensate the capacitive channel.
Therefore, the capacitive coupler is designed first, and then the
inductive coupler is designed based on this. The structures and
dimensions of the hybrid coupler are shown in Fig. 2, where
both the primary side and secondary side have the same plate
and coil structures. As depicted in Fig. 11, the design process of
the hybrid coupler is shown in the dashed box. Table II lists the
dimensions and materials of the hybrid coupler.

For the vertical coupler, the mutual capacitance is determined
by the cross capacitance between the primary and secondary
plates, and the self-capacitance is mainly determined by the
coupling capacitance of plates on the same side. Aluminum is
a good conductor, and it shows the advantages of cheap, good
plasticity, and easy to obtain. Therefore, aluminum plates are
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Fig.12.  Simulation results of (a) self-capacitances and (b) mutual capacitances
against the coupling misalignment.

selected as the coupling plates of capacitive coupler. Considering
the space limitation, the dimension of the outer plate is selected
as 400 mm x 400 mm, which is listed in Table II. According to
[29], the area of inner plate is designed about half of that of outer
plate to achieve high coupling capacitance. Therefore, the inner
plate s selected as 300 mm x 300 mm. The thickness of all plates
is 1 mm. In general, the mutual capacitance and self-capacitance
are negatively correlated with the plates distance d;. However,
a larger d; means a larger coupler volume. Therefore, the plates
distance d; is selected as 5 mm.

The variations of self-capacitance and mutual capacitance
with coupling misalignments at different coupling distances
are shown in Fig. 12. Since the coupler is symmetric, two
self-capacitances are always equal under different coupling mis-
alignments. It can be seen from Fig. 12 that the transmission
distance and coupling misalignment have little effect on the
self-capacitance. The mutual capacitance decreases with the
increment of transmission distance and coupling misalignment.

According to the theoretical analysis in Section III, the com-
pensation inductance can be divided into two parts, Li2(Los)
is only used to compensate capacitance, L11(Lo1) the other is
used to compensate the capacitive reactance and also to form
the inductive channel. Thanks to the structure of the HWPT
system, if the total inductance is expected, the self-inductance
of the inductive coupler does not affect the output current. As
depict in (11), the goal is to design the inductive coupler for
achieving the identical mutual inductances, which can achieve
the antimisalignment ability.
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As we know, the mutual inductance of the coupler is de-
termined by the geometry, size, air distance, and turns of the
coils. Since the dimensions and distance of the coils are fixed,
it is necessary to achieve the desired mutual inductance M by
changing the turns of coils. To reduce the opposing area between
plates and coils, the inner diameter of coils is slightly larger than
that of inner plates, and the outer diameter should be smaller than
that of outer plates. Therefore, the inner diameter is selected as
320 mm. In practice, the transmission distance is determined by
the application. In this article, the air gap d is chosen to be 20 mm.
As discussed in the next section, the large dy could reduce the
eddy current loss, but it would increase the coupler’s volume.
In similar, the distance ds between plate and coil is selected as
5 mm.

With the parameters listed in Table II, Fig. 13 shows the vari-
ation of capacitive coefficient with coupling misalignment. To
keep the output current constant under coupling misalignment,
the variation of theoretical mutual inductance M is also shown
in Fig. 13. Tt is an effective method to match the ideal mutual
inductance by adjusting the number of coil turns. If M is difficult
to meet the identical mutual inductance, it is better to slightly
increase [3 to reset the turns of coils.

According to (9) and (11), the inductive channel is used to
enhance the output current and achieve the antimisalignment
ability. It can be found that once the required output current
is determined, the maximum acceptable value of coupling mis-
alignment can also be obtained. If the coupling misalignment in
application is larger than the maximum value, the HWPT system
cannot ensure the CC output at this situation.

C. Eddy Current Loss

Under a time varying magnetic field, the eddy current is
induced in the coupling plates, while H; induced by the eddy
current will oppose the source field. In general, the eddy current
loss can be calculated by

Pegay = p / J*dV (19)
1%
where, p represents the resistivity, .J represents the eddy current
density.
Fig. 14 shows the eddy current density of plates P;, P, Ps,
and P;. Since the plates and coils are rectangle, the eddy currents
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Fig. 14.  Eddy current density of the coupling plates in XY view.
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Fig. 15. Eddy current loss of the coupler versus x-misalignment under

(a) different do and (b) different I3.

of plates are all centrosymmetric. Due to the structure and size
of the coupler, the eddy current of P; induced by the excitation
source reaches maximum value, while the eddy current of Py
reaches minimum value.

The eddy current loss of the coupler versus x-misalignment at
different dy and 3 is shown in Fig. 15. It can be seen from
Fig. 15(a) that the eddy current loss of the coupler slightly
decreases with the increase of x-misalignment and separated
distance d. There are two reasons for this: 1). the eddy current
loss induced by the coil on the same side is the main part, and it
keeps nearly constant with the increasing x-misalignment. 2). the
eddy current loss induced by the coil on the other side decreases
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TABLE III
EXPERIMENTAL PARAMETERS

Parameter Value Parameter Value
Vi IV 50 fo/MHz 1.0
M/uH 2.4 Cr/pF 12.1
Csaf1 (Csaif2 VpF 201 Cex1 (Cex2)/pF 52
Ly1(L21)/pH 11.6 L12(La2)/pH 89.6
Ry, (Ris )/ 1.05 Repeq (Roseq )2 0.26

when the x-misalignment increases. As shown in Fig. 15(b), the
Peqay is not positively correlated with /3 monotonically. With
the increase of /3, the eddy current loss decreases first and then
increases.

According to the simulation results, the eddy current loss
is affected by the size of coupler. Therefore, the eddy current
loss can be reduced by optimizing the dimensions of coils
and plates. According to [28], the eddy current loss is also
affected by other factors. In general, the eddy current density is
positively correlated with the frequency of the excitation source,
and it is also positively correlated with the conductivity of the
plates. Therefore, the eddy current loss can also be reduced by
decreasing switching frequency or changing materials.

D. Electromagnetic Field Simulation

The magnetic field and electric field around the coupler are
also simulated by COMSOL, and the simulation results are
shown in Fig. 16. It can be seen from Fig. 16(a) that most electric
flux is limited between the coupling plates without coupling mis-
alignment. When the coupling misalignment occurs, the electric
field around unaligned area increases, but it decays rapidly with
the distance. Fig. 16(b) shows that the magnetic flux is con-
strained between outer plates without coupling misalignment.
According to theoretical analysis, the coupling misalignment
has little influence on the excitation current with coupling mis-
alignment, thus the energy through inductive coupled channel
decreases.

V. EXPERIMENT VERIFICATION

A. Experimental Prototype

To verify the hybrid CPT system, an experimental prototype
is built up, which is shown in Fig. 17. According to the parameter
design and coupler design in last section, a set of parameters can
be obtained, as listed in Table III. According to the measurement
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Fig. 17. Experimental prototype of the HWPT system. (a) Overview of the
experimental prototype. (b) Main view of the coupler. (c) Vertical view of the
coupler.

data, the () factors of the inductors and capacitors are about
620 and 2500, respectively, which is slightly smaller than the
mentioned () factors in [24]. The relative error may be caused
by: 1) measurement error, 2) different size and structure of the
coupler. In the experimental prototype, all reactive components
are measured by HIOKI IM 3536 LCR Meter, which shows
outstanding performance at a frequency below 8 MHz.

To reduce high frequency loss, the compensation induc-
tors are made by wingding Lizi wire on PVC tubes, and the
compensation capacitors are composed of multiple mica capac-
itors in series and parallel, as shown in Fig. 17(a). In order to im-
prove the performance of the inverter and rectifier modules, SiC
MOSFETs IMZ120R045M1 and SiC diodes GHXS030A120S
are adopted in the full-bridge inverter and rectifier, respectively.
The design dimensions of the hybrid coupler are illustrated in the
last section, where the inductive coupler is placed between the
plates of capacitive coupler, as shown in Fig. 17(b) and (c).

B. CC Performance Against Load Variation

The load-independent CC characteristic of HWPT system has
been tested, as shown in Fig. 18. The waveforms of the load and
inverter are recorded under different resistances. As shown in
Fig. 18(a) and (b), when the load varies from 20 to 40 €2, the
input current ¢j, and voltage vi, are almost in phase. To ensure the
ZN'S of MOSFETs, the compensation inductors is slightly larger
than the theoretical value, so iy is slightly lagging vi, on the basis
of ZPA. The output voltage v, is lagging behind the input voltage
vin by 90°, which is consistent with the theoretical analysis. The
output currents of 20 and 40 2 are 2.46 and 2.41 A, respectively.

As shown in Fig. 18(c), the peak value of the input current
immediately decreases when the load resistance is switched from
40 to 20 (2. However, the output current is almost constant at
different loads, except for the switching point. At this point, the
output current fluctuates slightly and reaches a new steady state
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quickly. In general, Fig. 18 verifies that the output current is
almost constant and in phase with the input voltage, when the
load resistance changes.

C. CC Performance Against Coupling Misalignment

In addition to the load-independent CC output, the constant
output current and resistive input impedance of this system are
not affected by the coupling misalignment. Due to the symmet-
rical coupler, there is consistency on the X- and Y-axis. Fig. 19
shows the experimental waveforms at different x-misalignment,
where the load resistance is 30 €2. As shown in Fig. 19(a) and
(b), when the coupling misalignment varies from 0 to 100 mm,
the output current changes from 2.44 and 2.49 A. In similar,
the input current is slightly lagging behind the input voltage
under different coupling misalignments, which implies the ZVS
can always be achieved. The output current is lagging behind the
input current by 90°, which indicates the coupling misalignment
has little effect on the resonant state. Fig. 19(c) shows the
variation of the output current with the coupling misalignment.
It can be seen that a virtually CC is obtained throughout the
misalignment range. In general, Fig. 19 verifies that the output
current is almost constant and in phase with the input voltage,
when the coupling misalignment changes.

D. Comparison and Discussion

To illustrate the characteristics of the HWPT system, the CPT
system with the same parameters is also tested in this article.

(b)

ix[SA/div]

[500ms/div]
()

Experimental waveforms of the inverter and load. (a) 0 mm misalignment. (b) 100 mm misalignment. (c) Dynamic process.
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Fig. 20.  Experimental waveforms of the LC—LC compensated CPT system.

Fig. 20 shows experimental waveforms of viy, %in, Vo, and gL
under full alignment at Ry, = 40€2. As shown, the rms value of
output current gy, is 1.24 A. It can also be seen that the output
voltage v, is lagging behind the input voltage vin by 90°, which
is consist with the HWPT system.

According to experimental results, the output current of
HWPT system is about twice as big as that of CPT system with
the same coupling coefficient. With well design coupler, the
HWPT can achieve the antimisalignment CC output, while the
CPT and IPT systems cannot. In addition, the phase differences
between the input voltage, input current, and output voltage are
the same in both CPT and HWPT systems. This indicates that the
output current increases and the resonant state remain unchanged
with the additional inductive channel.
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TABLE IV
COMPARISON OF RECENT SYSTEMS ON THIS TOPIC

literature Method Coupler  ke/k ACp/AM  Load/Q2 CC/CV  Error
[19](CPT) Topology Light  ~1.00 80% 30-70 cV  83%
[25](CPT) Topology Light ~0.20 15% 25-50 cC -
[16](CPT) Coupler design Light ~0.80 100% - - -
[20](IPT) Topology Heavy  ~0.20 38% 16-32 Ccv 5.0%
[27](IPT) Coupler design ~ Heavy  ~0.12 45% 20-50 Ccv 9.2%
[21]dPT) Coupler design ~ Heavy  ~0.15 38% 20-50 cc -
[15](HWPT) HWPT Light ~0.13 30% - - 8.3%
This work HWPT Light ~0.05 50% 20-40 CcC 4.6%
g 10 built to validate the designed HWPT system. When the load
5 0.8F ¢ 2 + * resistance and coupling misalignment vary from 20 to 40 2
Q N . .
= —A—R=200 and 0 to 100 mm x-misalignment, the HWPT system can always
0 0.6} —e— R,=30Q) . . . . . . .
= I achieve a CC output with 4.6% variation. By setting the inductive
g 0.4r channel, the output current of the HWPT system is twice as big
S ook as that of the CPT system.
E The limitation of this study is that the system characteristics
0.0 2'0 4'0 6'0 8'0 100 are relatively dependent on the well-designed coupler. In future
x misalignment(mm) research work, we will focus on improving the performance
of hybrid coupler. 1) How to reduce the mutual interference
Fig.  21.  Experimental efficiency —at various load resistance  between the coils and plates? 2) How to make the hybrid coupler

and x-misalignments.

Fig. 21 shows the dc—dc efficiency at various load resistances
and x-misalignments. It can be seen that the the system efficiency
slightly decreases with the incensement of load resistance. The
dc—dc reaches the maximum value at 86.5% when the load
resistance is the normalized load 20 ). As shown, the system
efficiency is approximately constant against the coupling mis-
alignment, because the coupling misalignment does not change
the reflection impedance of the HWPT system.

The method, coupler, performance, and output characteristic
of recent open-loop CPT systems in this topic have been summa-
rized in Table IV. Compared with other IPT systems, the coupler
of this system is light and cheap, as well as small coupling
coefficient. Compared with other CPT and HWPT systems, this
work can achieve both load-independent and antimisalignment
CC characteristics, as well as stable output under the same
misalignment level.

VI. CONCLUSION

This article presents a novel HWPT system that maintains a
constant and enhanced current output against load and coupling
variations. The proposed HWPT system incorporates compen-
sation inductors from the CPT system to create an additional
inductive channel; hence, the HWPT system can be seen as the
series connection of SS compensated IPT system and LC-LC
compensated CPT system. Similar to the aforementioned two
systems, the proposed HWPT system is capable of achieving
load-independent current output and ZPA. With a well-designed
coupler, the power transferred via the inductive channel can
be compensated by the power transferred via the capacitive
channel, even in the case of coupling misalignment. A 200 W
experimental prototype with 20 mm transmission distance is

more compact?
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